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Abstract
Heavy flavor supplies a chance to constrain and improve the hadronization mechanism. We have established a sequential
coalescence model with charm conservation and applied it to the charmed hadron production in heavy ion collisions.
The charm conservation enhances the earlier hadron production and suppresses the later production. This relative
enhancement (suppression) changes significantly the ratios between charmed hadrons in heavy ion collisions.
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The hadronization mechanism is a fundamental problem in QCD, and due to the running coupling con-
stant the hadronization is a non-perturbative process, it’s hard to deal with. Different from the hadronization
process in the vacuum, such as fragmentation, the statistic hadronization plays an important role in quark
hadronization from quark-gluon plasma. The yield of various hadrons can be described well by the thermal
statistical model [1]. More dynamical approaches are the coalescence models that show more power to ex-
plain the light hadron properties in heavy ion collisions, especially the quark number scaling of the elliptic
flow and the enhancement of the baryon to meson ratio [2, 3, 4].
However, there are still some questions need to be remarked: 1). Energy conservation and entropy.
The kinematics of the coalescence process is 2 → 1 or 3 → 1, which makes it impossible to conserve
4-momentum [5]. The quark coalescence model has been extended to include finite width that takes into
account off-shell effects which allows to include the constraint of energy conservation [6]. Besides, coales-
cence through instantaneous projection seems to reduce the number of particles. That raises the question
of whether the entropy is conserved(increased) or not. Although entropy depends not only on the number
of particles but also on the degeneracies in both phases as well as on the masses, it remains a challenge to
find a consistent approach to conserving energy and conserving or increasing entropy, together with a good
description of single-particle spectra and elliptic flow for both low and intermediate pT . 2). Coalescence
probability. The Wigner function in coalescence formula is treated as coalescence probability for n quarks
to combine into a hadron. In the previous studies, people use a Gaussian shape in space and momentum as
coalescence probability with the width as a free parameter. The Wigner function can be constructed by the
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wavefunction of the hadrons self-consistently by:
W(r, q) =
∫
d4ye−ipyΨ(r + y/2)Ψ∗(r − y/2). (1)
Unlike the light hadrons, the potential model can be used to describe the properties of heavy flavor hadrons
in both vacuum and finite temperature [7, 8, 9, 10]. And the wavefunction Ψ(r) of heavy flavor hadrons
can be obtained by solving two- and three-body Schro¨dinger equation or Dirac equation. 3). Heavy quark
number conservation. Because the charm quark mass mQ is much larger than the typical temperature of the
hot medium which formed in the heavy ion collisions at RHIC and LHC energies, mQ  T ∼ 500MeV,
the charm quark number is almost contributed by the initial production and conserved during the whole
evolution of the colliding system [11]. The question is how to ensure the charm quark number conservation
self-consistently in the coalescence mechanism? 4). Hadronization sequence. Different from light hadrons
which formed at confinement and de-confinement phase transition temperature Tc, heavy flavor hadrons can
survive at a higher temperature which would be produced earlier. This hadronization sequence has been
observed in the heavy quarkonium system [12, 13]. And the recent experimental data shows the D0 and φ
seem to decouple from the system earlier and gain less radial collectivity compared with light hadrons [14].
The hadronization of heavy flavor supply a chance to constrain and improve the coalescence mechanism.
In our previous study [15], we have established a sequential coalescence model with charm conservation and
applied it to the charmed hadron production in heavy ion collisions. The charm conservation effect can be
realized self-consistently in the sequential coalescence model. Hadronization sequence and coalescence
probability of charmed hadrons are determined by two- and three-body Dirac equation.
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Fig. 1. The scaled charmed mesons(left panel), charmed baryons(right panel) binding energy and root-mean-squared radius as functions
of temperature.
In the framework of two- and three-body Dirac equations [10], we systematically study the static prop-
erties of heavy flavor hadrons in finite temperature. For a rapid dissociation where there is no heat exchange
between the constituent quarks and the medium, the potential between quarks is the internal energy U, while
for a slow dissociation, there is enough time for the constituent quarks to exchange heat with the medium,
the free energy F which is simulated by lattice QCD is treated as potential [16]. In a general case in high en-
ergy nuclear collisions, the potential V is in between the two limits, |F| < |V | < |U |. The averaged radius and
binding energy of charmed hadrons with free energy F are showed in Fig.1. As the temperature increases,
the color screening will enhance, so the averaged radius of charmed hadron increases and the binding energy
drops down. The dissociation temperature Td is determined by vanishing the binding energy (T ) → 0 or
infinite the averaged radius 〈r(T )〉 → ∞. We find there exist an obvious dissociation sequence:
T J/ψd > T
Ds
d > T
Ωccc
d > T
D0
d > T
Ωcc,Ξcc
d > T
Ωc,Ξc,Λc
d > T
pi,K,N
d ≈ Tc (2)
The evolution of the hot medium created in the heavy ion collisions can be described by the hydrody-
namic equations ∂µT µν = 0. During the evolution of the hot medium, the temperature continuously drops
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down due to the expansion of the system. When the local temperature T (x, τh) smaller than the dissociation
temperature T hd of charmed hadron h, the corresponding hadrons h will start to be formed. The dissocia-
tion sequence gives the production sequence. The spectrum of charmed hadrons can be calculated with the
coalescence formula,
dNh
d2PTdη
= C
∫
Pµdσµ
n∏
i=1
d4xid4pi
(2pi)3
fi(xi, pi) ×Wh(x1, ..., xi, p1, ..., pi). (3)
Where the constant C = (2J + 1)/(3n2n) is the statistical factor to take into account the internal quantum
numbers. The integration is on the coalescence hypersurface σµ(τh,X). The summation is over the con-
stituent quarks with n = 2 for mesons and n = 3 for baryons. Where Wh is the Wigner function which
is constructed directly from the wavefunction. fi in the spectra (3) is the distribution function of the con-
stituent quarks in phase space. The light quarks u and d are thermalized in the medium so their distribution
is followed by the Fermi-Dirac distribution. Considering that strange quarks may not reach fully chemical
equilibrium at RHIC energy, the fugacity factor γs is included [17]. The charm quarks are produced through
initial hard processes and then interact with the hot medium. Considering the energy loss during the motion,
the charm quark distribution fc(x, p) is controlled by a transport approach. In our previous work, we take, as
a first approximation, a linear combination of fpp and thermal distribution fth as the charm quark distribu-
tion, fc(x, p) = rhρc(x|b)[α fth(p) +β fpp(p)]. The coefficients α and β control the degree of thermalization of
charm quarks, reflect the continuous thermalization charm quarks in hot medium. The space density ρc(x|b)
is the superposition of pp collisions. Aiming to study charm conservation effect, one needs to include all
charmed hadrons in the calculation. The time-dependent charm quark number fraction rh(τ) describes the
charm conservation during the hadronization. Different from simultaneous production, more charm quarks
are involved in the earlier hadronization, and fewer charm quarks join the later hadronization. The charm
quark number fraction rh = 1 for Ds, 1 − NDs/Nc ∼ 0.9 for the other charmed mesons, and 1 − Nm/Nc ∼ 0.6
for charmed baryons.
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Fig. 2. The yield ratio of Λ+c /D
0 at RHIC and LHC energies. The experimental data in A+A and p+p collisions are from STAR [18] and
ALICE [19, 20] collaborations, the solid and dashed lines are respectively our sequential and simultaneous coalescence calculations.
The precise measurement of Ds, D0 and charm baryons in the experiment give us a chance to study the
charm hadronization mechanism in heavy ion collisions. In our model, both the strangeness enhancement
and the charm conservation are responsible for the Ds/D0 ratio enhancement. The D+s enhancement leads to
a D0 suppression and in turn to a further D+s /D
0 enhancement [15]. The prediction explains well the Ds/D0
ratio which observed in heavy ion collisions at RHIC. For the charmed baryons, considering the difference
in statistics for two- and three-body states shown in the hadron spectra (3), the baryon to meson ratio in
A+A collisions will be dramatically enhanced comparing with p+p collisions in coalescence models. Our
prediction about the yield ratio of Λ+c /D
0 is agreed well with experimental data from STAR, as shown in
Fig. 2. However, the preliminary experimental data from ALICE shows a big difference from that in STAR
and also the theoretical prediction.
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In summary, we have built a sequential coalescence mechanism which can consider the charm conser-
vation effect self-consistently. We applied it to the charmed hadrons production in heavy ion collisions at
RHIC and LHC. We found charm conservation leads to an enhancement for earlier produced hadrons and a
suppression for later produced hadrons. In the future, we will consider the contribution from fragmentation
and the space-momentum correlation in our sequential coalescence model.
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